Mushrooms are highly perishable and their shelf-life depends on processing, package properties and environmental conditions during storage and distribution. The aims of this work were to evaluate the effect of temperature and number of film perforations on quality and develop shelf-life kinetic model for a modified atmosphere packaging (MAP) for sliced button mushrooms. Sliced mushrooms were packed in a tray, covered with cellophane film, and stored for 7 days at four levels of temperature (0, 5, 10, and 15°C) and three levels of perforations at each temperature ranging the number of perforations from 1 (58 perforations per m 2 ) to 6 (349 perforations per m 2 ). Headspace gas composition and quality parameters (weight loss, pH, firmness and colour) were measured throughout the storage period. Increasing the storage temperature required an increase of the number of perforations in order to obtain the optimum MAP conditions. Temperature had a significant effect (p < 0.05) on quality of sliced mushrooms. Firmness was identified as a critical quality parameter; therefore, a kinetic model was developed to describe the influence of temperature on firmness and predict shelf-life of sliced mushrooms. Fresh sliced mushrooms had a shelf-life of 1, 2, 4, and 7.5 days at 15, 10, 5, and 0°C, respectively, under optimum MAP conditions.
Introduction
Mushrooms are highly perishable and their shelf-life is 1-3 days at ambient temperature, due to high moisture content and high transpiration rate (Mahajan et al., 2008) . Therefore, mushrooms need a special care to keep its quality and freshness, especially when they are minimal processed such as slicing (Iqbal et al., 2009) . Mushrooms are usually marketed in trays overwraped with perforated polyvinylchloride (PVC) stretchable film (Simon et al., 2005) with little or no atmosphere modification. The use of modified atmosphere packaging (MAP) accompanied with low temperature storage can effectively retard the quality changes and extend shelf-life of fresh-cut mushrooms.
A modified atmosphere is created inside the package, depending on the respiration rate of mushroom, gas permeability of the film, amount of product, the breathable film area and storage temperature. An optimal MAP for mushrooms should be carefully designed considering respiration as a function of temperature, as well as the packaging film permeability to produce optimal gas composition in the package that can maintain initial quality and extend shelf-life of fresh mushrooms. MAP design can be attributed to low O 2 and high CO 2 concentrations in the atmosphere that surrounds the product, decreasing the respiration rate of the product and inhibiting microbial growth. Usually O 2 concentrations are kept low, 1-5%, however, O 2 level should not be less than 1% to avoid anaerobic respiration as well as growth of pathogens. CO 2 concentrations should be high, but in case of mushrooms, excessive CO 2 , higher than 12%, can cause physiological injuries, such as browning (Parentelli et al., 2007) .
Temperature is the most important environmental factor in the postharvest life of fresh produce, and when decreased to lower levels, causes a reduction in the biochemical reaction rates and consequently increase its shelf-life (Robertson, 2006a) . In addition, MAP design can be quite challenging, since temperature dependence of the respiration and transpiration rate are different from that of the permeability of packaging films. Thus, it is difficult to maintain the desire atmosphere within the package when the surrounding temperature is not constant.
Mushrooms are very sensitive to humidity levels; they have very high transpiration rates, over >90% of the weight at harvest is water and they lack a skin as a barrier to diffusion (Mahajan et al., 2008) . When mushrooms are packaged in MAP, the low water vapour transmission rate (WVTR) of films commonly used, combined with the high transpiration rate of mushrooms, rapidly brings about saturation ($100% RH) of the package atmosphere (Roy et al., 1996) . These saturated in-pack RH conditions can result in the condensation of water on the inside surface of the film and the contained produce, favouring microbial growth and discolouration. Ares et al. (2006) and Antmann et al. (2008) used polyethylene film for packaging shiitake mushrooms. The low WVTR of polyethylene films, combined with the high transpiration rate of mushrooms, developed nearly a saturated condition in the packages which caused mushroom deterioration, discolouration and softening. Therefore, there is an urgent need for developing high water vapour permeable films for packing of mushrooms.
Micro-perforated films are an option for achieving the appropriate gaseous composition in MAP, especially for high respiring fresh-cut products (Gonzalez et al., 2008) , as is the case of mushrooms. Sanz et al. (2000) reported that the degree of perforations affected final gas contents inside the packages, with a level of perforations between 2-4 holes of 1 mm diameter and 1-2 holes of 2 mm diameter for 500 g of strawberries in order to achieve the recommended gas composition. Oliveira et al. (2012) reported that 2 perforations of size 0.33 mm diameter were optimum for 110 g of sliced mushrooms at 10°C, yielding 3.6% of O 2 and 11.5% of CO 2 at equilibrium. However, number of perforations required at other temperatures were not determined, and in order to achieve the optimum O 2 and CO 2 window accounting the temperature variation during supply chain, perhaps higher number of perforations would be necessary.
Product shelf-life depends on its characteristics, formulation and processing, package properties, and environment conditions during storage and distribution (Robertson, 2006b ). Shelf-life of fresh mushrooms is determined by product properties, such as colour
), firmness weight loss over time. Gormley (1975) proposed as limit of acceptance of L ⁄ of 80 for mushrooms acceptability. Changes of quality parameters of fresh produce during storage period have been quantified by mathematical models using zero and first order degradation reaction kinetics and Weibull probability distribution. Mohapatra et al. (2010) found temperature to play a significant role in controlling texture and colour degradation of mushrooms and reported a linear dependence of the final Browning index (BI) with temperature and an Arrhenius type relationship between temperature and storage time with respect to textural hardness. Weibull model has an interesting potential for describing degradation kinetics because of its flexible shape and ability to model a wide range of degradation kinetics. The model considers the scale parameter (a) as a reaction rate constant and the shape parameter (b) as a behaviour index (Cunha et al., 1998) . Weibull model was used to describe the changes of anthocyanins and antioxidant capacity of fresh cut-strawberries ) and antioxidants, vitamin C and lycopene in fresh cut-watermelon (Oms-Oliu et al., 2009) .
To maintain the quality and extend the shelf-life of fresh sliced mushrooms during the supply chain it would be required the design of an optimal MAP system considering the influence of the major environmental conditions (e.g., temperature) and evaluate the kinetics of the critical quality parameters under this packaging conditions to allow the development of a shelf life predictive model. Therefore, the aim of this study was to (i) optimised the number of perforations for MAP of sliced mushrooms at a range of temperatures (0, 5, 10 and 15°C) to which the product can be exposed during distribution chain in order to design an optimal packaging system and (ii) develop a mathematical model for prediction of shelf life of sliced mushrooms.
Materials and methods

Experimental setup
Button mushrooms (Agaricus bisporus) were purchased from a local supermarket (Supervalu, Cork, Ireland) on produce arrival day. Mushrooms were sliced obtaining 0.5 cm of thickness each piece, 110 g of them were placed in a tray (11.1 Â 15. in the supermarket packaging. Each tray had two rubber septums in opposite sides for the headspace gas composition measurement. Septums were glued using silicone based resin. Two septums were made on the tray to see if there was any effect of position of film perforation and product load on stratification.
To define the number and size of perforations required in order to achieve an optimal gas composition inside the package, Pack-in-MAP Ò software (Mahajan et al., 2006 (Mahajan et al., , 2007 ) was used. The experiments were conducted in order to validate the optimum number of perforations required to achieve the optimum package atmosphere at each temperature studied (Table 1) . Changes in package headspace gas composition were measured regularly using O 2 and CO 2 gas analyzer (PBI Dansensor, CheckMate 9900, Denmark). Once the optimal number of perforations was determined, a new experiment was performed to measure changes in quality parameters of sliced mushrooms at regular intervals during 7 days of storage and determine shelf life.
Analysis of quality parameters
The following quality parameters were determined daily.
Weight loss
The weight of sliced mushrooms in each package was measured using an electronic balance (Extend Startorius, ED4202S, Germany) and was determined as percentage of initial weight of mushrooms.
pH
Sliced mushrooms (around 10 pieces from each package) were previously homogenized with a grinder and pH of that solution was measured using a digital pH meter (3310 Jenway, pH Meter, UK). An average of three replicates of the same solution of homogenized mushrooms from each package was calculated.
Firmness
The firmness of sliced mushrooms was measured with texture analyzer (Stable Micro System, Texture Analyser, UK) equipped with a 75 mm diameter probe at a test speed of 10 mm s À1 and contact force 1 N. Sliced mushrooms were compressed by 20% of the sample height and firmness was expressed as maximum force (N). Due to the hardness of stem, this was removed from each piece, measuring only the firmness of the mushroom cap. An average of seven pieces from each package was analysed.
Colour
Visual colour of sliced mushroom was measured based on Hunter colour parameters (L ⁄ , a ⁄ and b ⁄ ) using colourimeter 
Total colour difference (DE) was determined by using the Eq. (2), as follow:
⁄ are experimental data obtained at the beginning of storage and at a given time, respectively (Barrerio et al., 1997 ). An average of seven measures was used for data analysis.
Mathematical modelling
Weibull model as shown in Eq. (3) was used to describe kinetic degradation of quality parameters as a function of time.
X 0 is the initial quality parameter, X is the quality parameter at time t, X e is the equilibrium quality parameter, t is the time (d), a is the scale parameter (d), and b is the shape parameter.
X e , a and b were estimated by fitting Eq. (3) to the experimental data. The Arrhenius Eq. (4) was used to describe the influence of temperature on a or b parameter. 
Analysis of experimental data
Statistical analysis was carried out to find effects (p < 0.05) of time and temperature on quality parameters by using the ANOVA tool from Microsoft Excel 2007. The estimation of models parameters was performed by minimization of the sum of squares of residuals (SSR), by using Solver tool from Microsoft Excel 2007 and the fitting was evaluated using the coefficient of determination (R 2 ).
Results and discussion
Optimisation of number of perforations
In order to study quality of sliced mushrooms under optimal MAP conditions, number of perforations was evaluated at each temperature studied. Changes in gas composition within the packages at different temperatures and number of perforations are shown in Fig. 1 . Increasing the number of perforations, O 2 concentration increased within the package and CO 2 concentration decreased until an equilibrium was reached within 2 days of storage. Higher temperature required more number of perforations in order to maintain equivalent gas composition. This might be due to an increase in respiration rate with temperature thereby faster gas exchange inside the package. Varoquaux et al. (1999) assessed that respiration rate of whole mushrooms at 1°C remained constant for 4 days; however, when stored at 10°C, the respiration rate increased with time. Iqbal et al. (2009) also observed an increase in respiration rate with time and temperature and reported that slicing of mushrooms (8 mm of thickness) led to an increase of the respiration rate by 30% at 0°C and 40% at 20°C, as compared to whole mushrooms.
Sliced mushrooms have a short shelf-life, therefore package gas atmosphere and quality evaluation was determined up to 3 days of storage, for optimising the package design at the different temperatures studied. Recommended MAP conditions for mushrooms were 3-5% of O 2 and less than 12% of CO 2 (Ares et al., 2006; Parentelli et al., 2007) . Therefore, in order to keep the package gas composition within the recommended range, the optimum number of perforations was found to be 1, 1, 3 and 6 at 0, 5, 10 and 15°C, respectively. Their respective perforation density (perforations per m 2 ) was 58, 58, 174 and 349. The exponential increase in number of perforations with temperature shows that temperature has a higher influence on respiration rate of mushroom than permeability of the film used. At 0°C, at least one perforation was required to avoid anoxia (insufficient O 2 for aerobic respiration) and hence possibility of anaerobic microorganisms growth such as Clostridium botulinum. It showed that the needle diameter used (0.33 mm) was too big to use at lower temperatures, therefore smaller needle diameter which might yield gas composition close to the optimal range is recommended. It was also observed that mushrooms did not freeze at 0°C because the freezing point of mushrooms is À1.53°C, as reported by Mahajan et al. (2008) . The number of perforations was selected in order to maintain an O 2 concentration higher than 3% over time, avoiding anaerobic respiration and production of fermentative products. Regarding the package CO 2 concentration, the levels obtained were slightly above 12% in packages stored at 10 and 15°C. Oliveira et al. (2012) recommended 2 perforations, but 3 perforations would be ideal for packaging of sliced-mushrooms at 10°C, in order to avoid exceeding the recommended limit for CO 2 concentration, which potentially can cause browning of mushrooms.
Quality evaluation of fresh sliced mushrooms
Once the optimum MAP design conditions were selected at each temperature, a new experiment was conducted using the optimal MAP conditions (1 perforation (58 perforations per m 2 ) at 0°C, 1 (58 perforations per m 2 ) at 5°C, 3 (174 perforations per m 2 ) at 10°C and 6 (349 perforations per m 2 ) at 15°C) to study the effect of time and temperature on the quality of sliced mushrooms. The evolution of headspace O 2 and CO 2 composition at different temperatures is shown in Fig. 2 . Equilibrium was achieved within 2 days of storage. At 0°C, the headspace O 2 concentration was higher than the desired level. This is due to higher ingress of O 2 in the package through a single possible perforation with the selected diameter (0.33 mm). It could be possible to reduce the perforation diameter in order to achieve the headspace O 2 concentration within the desirable limit. At 5, 10 and 15°C, the headspace O 2 concentration were similar and were within the optimum range (3-5%), between 3 and 3.5 days. Relative to headspace CO 2 composition, the CO 2 concentration remained below 12% at 0 and 5°C, whereas at 10 and 15°C, it exceeded the limit in 4.5 and 0.5 day, respectively. The higher CO 2 concentration could cause severe browning, therefore, should be avoided (Parentelli et al., 2007) .
Weight loss, pH, firmness and colour (L ⁄ , a ⁄ , b ⁄ , BI and total colour difference) were determined once a day, at each temperature, and changes are shown in Fig. 3 . Standard deviations were calculated and are represented by y error bars, in the same figure. Quality parameters of sliced mushrooms were significantly affected (p < 0.05) by time and temperature, especially weight loss and firmness and BI. Higher temperatures contributed to higher changes, which led to high deterioration rates of quality parameters, compared to that at lower temperatures. Mohapatra et al. (2010) reported that temperature played a significant role in controlling texture and colour (BI) degradation and found that variation in colour of mushrooms to be less pronounced than that of texture. Escriche et al. (2001) reported that temperature influenced firmness loss more than browning of mushrooms treated with ozone, based on activation energy results.
Weight loss of sliced mushrooms increased with increase in temperature and ranged from 4.4% to 10.2% at the end of 7 days of storage. Only exception for increase in weight loss was at 0°C which presented higher values compared to that at 5°C. This was probably due to a single perforation used which caused higher O 2 (Fig. 3, a1 ) than recommended range and also might have caused more water loss through the perforation. Montanez et al. (2010) also observed higher gas and water vapour exchanges in the package caused by the turbulence effect created by the refrigeration fans (which run for longer period at lower temperatures) contributing for higher dehydration and consequently higher weight loss of the mushrooms. This revealed the importance of MAP design on shelf-life of mushrooms with the consideration of the externals factor (temperature and air turbulence). These results meant that MAP design is important not only to control headspace O 2 and CO 2 composition but also weight loss, which directly affects the product quality, and may limit the shelf-life when package is not well designed. Sliced mushrooms presented a weight loss lower than 5%, except for packages at 15°C from 3rd day, at 10°C from 5th day and at 0°C from 6th day. At 0°C, were not optimal, causing higher weight loss compare to that at 5°C, which could compromise the shelf life of sliced mushrooms. These results were in agreement with Kim et al. (2006) who obtained weight loss between 3% and 5%, after 6 days of storage of sliced mushrooms (5 mm thickness), in packages of polyvinyl chloride and polyolefin, at 4°C. Weight loss at 15°C was higher compared to that reported by Nichols and Hammond (1973) , who obtained 5-7% after 5 days, at 18°C. Ares et al. (2006) reported whole shiitake mushrooms stored in polypropylene bag or polyethylene bag exhibited a weight loss of 5.6%, after 16 days of storage, at 5°C, and mushrooms stored in polypropylene macro-perforated packages reached 47.5% after 16 days; and in polypropylene macro-perforated with lower number of perforations reached 14% after 12 days of storage. These findings confirm that weight loss is directly affected by MAP design parameters, such as WVTR of the packaging film and its perforations density, justifying the need for a film with high water vapour permeability as cellophane (900 g m À2 day À1 for water vapour at 38°C) for packaging of sliced mushrooms.
The pH was influenced by time and temperature, showing a slight decrease with both parameters. The initial pH of sliced mushroom was 6.74 ± 0.01 which decreased to 6.6 ± 0.01 and 6.5 ± 0.01 after 7 days of storage at 0 and 15°C, respectively. Masson et al. (2002) reported an initial pH of 6.5 for homogenized mushroom. Aerobic mesophilic bacteria are natural contaminants in mushrooms (Zivanovic et al., 2003) which grow in presence of O 2 . This growth helps decreasing pH which ultimately inhibits the growth of certain communities. Moreover, at refrigeration temperatures the acid environment is more inhibitive, emphasizing the importance of low temperature for fresh-cut mushrooms (Heard, 2002) .
The firmness of sliced mushroom decreased from an initial level of 141.4 to 95.4 and 38.9 N after 7 days of storage at 0 and 15°C, respectively, representing a respective percent loss of 32.5 and 72.5. These results showed a higher decrease in firmness than that reported by Escriche et al. (2001) for whole mushrooms who observed that the firmness loss of 10%, 60% and 90% after 7 days of storage at 5, 10 and 15°C, respectively. Loss of firmness is caused by protein and polysaccharide degradation, and loss of cell turgency due to changes in cell membrane permeability, leading to softening of mushrooms (Parentelli et al., 2007) .
Colour parameter L ⁄ decreased with time and temperature and varied from 91.9 to 87.6 at 0°C, and to 71.9 at 15°C; sliced mushrooms became darker with time and temperature. These results are in agreement with those reported by Escriche et al. (2001) for whole mushrooms who observed the initial L ⁄ of mushrooms treated with ozone was 90, and after 7 days of storage it decreased to 80 at 5°C, 75 at 15°C, and 65 at 25°C. These results were higher than those obtained by Kim et al. (2006) who observed that in different packaging materials, L ⁄ of whole mushrooms ranged from 76.7 to 78.8, after 6 days at 4°C. In case of sliced mushrooms, they observed that L ⁄ varied from 66.8 to 78.2, after 6 days at 4°C. L ⁄ parameter was in general higher than the limit of acceptance (80) proposed by Gormley (1975) confirming that colour (L ⁄ ) was not a critical parameter in this study.
Colour parameter a ⁄ increased slightly (p < 0.05) with temperature. Initial a ⁄ measured was 0.08 and increased after 7 days obtaining 0.9 at 0°C and 5.0 at 15°C, leading to redness on sliced mushrooms at higher temperatures. Colour parameter b ⁄ was the most affected colour parameter (p < 0.05), by time and temperature. It increased from 9.88 to a range from 13.6 at 0°C to 20.2 at 15°C, resulting in yellowness on sliced mushrooms.
The parameter L ⁄ decreased and b ⁄ increased with time and temperature, consequently, BI increased from 11.2 to 17.3 at 0°C and to 38.5 at 15°C, after 7 days. Sliced mushrooms lost a luminosity and turn dark with decrease of L ⁄ , and became yellow with increase of b ⁄ , with time and temperature. This discoloration was induced by bruising, slicing, storage and physiological disorders and the very high polyphenol oxidase (PPO) content and phenolics compounds make them very susceptible to enzymatic browning (Mohapatra et al., 2008) . Similar to BI, total colour difference (DE), increased with an increase in changes of individual parameters with time and temperature. Total colour difference ranged from 19.4 at 0°C, to 299.4 at 15°C, after 7 days.
Mathematical modelling and shelf-life prediction
The Weibull model Eq. (3) was fitted to the changes of quality parameters (weight loss, firmness and BI) as a function of time.
The estimated values of a, b, X e and respective coefficients of determination (R 2 ) are presented in Table 2 . In general, a decreased with temperature for weight loss and firmness, but increased with temperature for BI. b was more than 1 for weight loss, firmness (at 5 and 10°C) and BI (at 15°C), whereas it was less than 1 for firmness (at 0 and 15°C) and BI resulting in an increase and decrease of deterioration with temperature, respectively. If b < 1, there was a decreasing rate; if b = 1, the rate was constant with time; and if b > 1, the rate was increasing with time (Chakrabarty et al., 1998) . Coefficient of determination (R 2 ) showed a very good fit of model to weight loss data and suitable to firmness and BI.
The Weibull parameters (a and b) ( Table 2) for weight loss and firmness of sliced mushrooms followed an Arrhenius equation, whereas parameters for BI did not follow it. Mohapatra et al. (2010) found a linear dependence of temperature with the BI and an Arrhenius type relationship with textural hardness of mushrooms. Coefficients of determination revealed a good fitting of the equation to firmness and a suitable fitting to the weight loss data ( Table 3 ). The parameters a and b at 0°C were not considered for mathematical modelling for shelf life, since they did not follow the trend. Higher activation energy values indicated greater temperature sensitivity, as reported by Corzo et al. (2008) . E aa of weight loss and firmness presented higher values comparing to E ab (Table  3) . Both E aa and E ab of firmness were higher than those for weight loss (Table 3) , which meant a higher dependence of firmness on storage temperature than of weight loss, also confirmed by analysis of variance (p < 0.05), where it was found higher effect of temperature on firmness than on weight loss. Mohapatra et al. (2010) reported that variations in colour of mushrooms were more pronounced than that of firmness and the biggest uncertainty resided in controlling the final browning stage of the mushrooms, and that the rate of loss of hardness presented the biggest variability. It was recommended that for a temperature range 3.5-15°C, optimisation of texture through temperature control would be more manageable than the control of browning. Therefore, firmness was identified as the critical quality parameter, since it was the parameter most affected by temperature, and also it was not influenced directly by MAP design parameters, as weight loss. Zero order equation was fitted to X e results of firmness (exclusion of result at 0°C), as a function of temperature, and the Eq. (5) was obtained. Fig. 3 . Changes in quality parameters of sliced mushrooms during storage at 0°C (}); 5°C (h); 10°C (4); 15°C (Â), in packages with 1, 1, 3 and 6 perforations, respectively.
Substituting the parameters, a, b, and X e , into Eqs. (4) and (5) 
The fitting of Weibull model to the firmness data, as a function of time and temperature is shown in Fig. 4 . Coefficients of determination of 0.956 (all data) and 0.979 (excluding data at 0°C) showed that Weibull model was appropriate to describe firmness changes with time and temperature, in spite of data obtained at 0°C presented some deviation for b value (Table 2) . Therefore, shelf-life of sliced mushrooms was predicted as a function of storage temperature on the basis of firmness (Eq. (6)).
A limit of acceptance of 1 day at 15°C was established for sliced mushrooms based on sensory overall appearance and firmness (data not shown) and these findings are in agreement with Mohapatra et al. (2011) , who presented 0.7-1.0 as levels of sensory overall acceptability for mushrooms for 1 day at 15°C. Sliced mushrooms lost firmness from 141.4 to 88.7 N after 1 day at 15°C, representing a loss of 40% of firmness. Thus, a limit of acceptance of firmness loss of 60% of the initial value was considered.
Shelf-life was obtained by difference of the time which led to reduce the initial firmness to 0.6 and the time which led to reduce to 1, 0.9, 0.8, until 0.7 of the initial firmness at different temperatures. at 15°C), packed in a tray covered with cellophane™ 335 PS film is shown in Fig. 5 . Fresh sliced mushrooms with 100% of initial firmness i.e. 1F 0 have 1 day of shelf-life at 15°C, 2 days at 10°C, 4 days at 5°C and 7.5 days at 0°C. For sliced mushrooms with 80% of initial firmness i.e. 0.8F 0 , the remaining shelf-life was half day at 15°C, 1 day at 10°C, 2 days at 5°C and 3 days at 0°C.
Sliced mushrooms lost firmness with time and temperature, therefore measuring the firmness at a specific time, and knowing the initial firmness of sliced mushrooms, it is possible to determine the remaining shelf-life. Thus, the model developed could be used to predict shelf-life of sliced mushrooms at any combination of time and temperature. These results also showed the importance of storage of sliced mushrooms at lower temperatures in order to minimise browning and weight loss. Thus, to extend the shelf-life of fresh sliced mushrooms it is important to maintain a storage temperature between 0 and 5°C, resulting in 7.5 to 4 days of shelf-life, respectively.
Conclusions
Increasing the storage temperature required an increase in the number of film perforations in order to obtain the optimum MAP conditions. At least one perforation was needed in order to avoid null O 2 concentration that might lead to anaerobic respiration and potential resulting in growth of pathogens. Firmness was the most significant quality parameter affected by time and temperature, and this was used to develop a shelf-life kinetic model for sliced mushrooms. The shelf-life of fresh sliced mushrooms in an optimum package was found to be 7.5 and 4 days when stored at 0 and 5°C, respectively.
